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SSME Upper Stage Use

Objectives

 Determine Methods to Ensure an Altitude Start and an Orbital
Restart for the Current SSME

» Altitude Upper Stage Use

* Trans Lunar Injection from Low Earth Orbit
» Develop a Common Start Sequence for Both Conditions if Feasible

* Determine Impact
» Stage
 Engine
* Development

 Schedule
 Cost
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SSME Upper Stage Use
Duty Cycle Scenario

-—_—_mVM-mmm PLP--_

SSME
1st St
.Moo“mo . Post Boost
Phase Firing
(3-5 Min) ® (Altitude Start)

SSME Translunar
Insertion Firing
(Orbital Restart)

1 -3 ORBIT
) COAST PERIOD
(1.5 - 4.5 Hrs)
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SSME Upper Stage Use

Apollo Launch and Restart Positions

ot
et

Sunrise

-
R RIS PIRRR et
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SSME Upper Stage Use

Apollo Experience

TA3-0261

\
Mission Apolio J-2 Restart
Seconds After
Orbital Insertion
AS503 8 9,534
AS504 9 16,472
AS505 10 8,485
AS506 11 9,139
AS507 12 9,333
AS508 13 8,578
N

» Restart Between 1+ and 3 Orbits

* Restart After ~8400 Seconds (2 Hours — 20 Minutes)
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SSME Upper Stage Use
SSME Start and Restart Considerations

» Achieve Start and Avoid Hardware Damage
* All Components Operate Within Nominal Limits of Speed, Pressure and Temperature

- Stay Close to Mixture Ratio Sequence During Start (i.e., Temperature Sequence)

Fuel Preburner Ignition Needs to Occur Within 0.7 seconds of Start Signal
* Prevent Pump Stall
Main Chamber Ignition Needed Before Main Chamber Prime
* Avoid Detonation
* Lower Pressure Pulse
* Lower Back Pressure on Turbines
Maintain Hydrogen Rich Conditions (Temperature Issue)
* Fuel Preburner Prime Before Main Chamber
* Assure Fuel Flow at Turbine Back Pressure Increase
* Oxidizer Preburner Prime After Main Chamber
* Oxidizer Pump Easy to Overspeed
Prevent Excessive Fuel Pump Speed at Main Chamber Prime
* Main Chamber Prime ~0.1 second After Fuel Preburner Prime
* Load Fuel Pump

* Minimum Unburned Hydrogen Expelled from Engine (Safety Issue)
+ Start Time as Short as Practical

» Stay Close to SSME Experience Base

TA3-0265
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Current SSME Start Sequence
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SSME Upper Stage Use
SSME Flow Schematic
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SSME Upper Stage Use

Functional Sequence of Start

* Prestart Preparation Phase

* Purge Sequence Conducted
* Engine Thermal Conditions for Start Attained

« Start Phase

* Initiation Mode
* Propellant Valves Opened
» Open Loop Control Schedule
Purges Off
Bleed Valves Closed
Igniters Energized
Thrust Control Loop is Closed

* Thrust Buildup Mode
* Ignition Detected by Main Chamber Pressure
* Closed Loop Thrust Buildup Sequence Initiated
» Mixture Ratio Control Loop is Closed
» Open Loop Control Schedule Continues for MFV, MOV, CCV Until Mainstage

)  Mainstage Established
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SSME Upper Stage Use
Current Start
System Constraints/Control Scheme

1

+ Initial Part of Sequence Uses Open Loop Positioning of Valves
* Main Fuel (MFV), Main Oxidizer (MOV), 2 Preburner Oxidizer (OPOV, FPOV), Coolant Control
(CCV)
* Preprogrammed Schedule of Valve Positions
» Control Parameter Values are Too Low to Measure Accurately
* No Indication of Some Key Events Such as Priming or Temperature Spikes Until Event
Occurs

* As Engine Operating Levels Increase Closed Loop Control Can Begin
» Closed Loop Thrust Control Mode
» Main Chamber (Proportional Error Only) at 0.74 Seconds
* Provides Partial Chamber Pressure Control Prior to 2.4 seconds
» Chamber Pressure Influences OPOV
* Full Closed Loop Control of Main Chamber (Proportional and Integral) at 2.4 seconds
* Full Closed Loop for Thrust Only, Not Mixture Ratio
* Main Chamber Pressure (Thrust) Controlled by OPOV
- Command Pressure Ramped to Mainstage at 2.4 seconds
* Mixture Ratio Controlled by FPOV
* After 0.8 seconds Cross Feed Galn from OPOV to FPOV to Provide Acceptable Mixture
Ratio During Ramp to Mainstage
» Closed Loop Mixture Ratio Control of FPOV Activated at 3.6 seconds Just Prior to
Engine Reaching Mainstage

* Mixture Ratio Control
* Assumes
+ Inlet Conditions Within Specific Temperature and Pressure Ranges
» Certain Components Within Specific Temperature Ranges
* No Control Through Measured Preburner or Turbine Temperatures
* Preburner Augmented Spark Igniters (ASls) Controlled be Orificing of Lines — Not by Valves
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SSME Upper Stage Use
Engine Start Valve Sequence (T ypical)
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SSME Upper Stage Use

Pump NPSP
)
Oxidizer
(With 0.032 Ibm/sec
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Pressure, psi
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SSME Upper Stage Use
Augmented Spark Igniter (ASI)
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IGNITER OXIDIZER PREBURNER
SUPPLY IGNITER

_ _ ﬁ Y ( MAIN CHAMBER _
IGNITER
FUEL OXIDIZER!
PREBURNER PREBURNER
—— —{} *
MAIN COMBUSTION
CHAMBER OXIDIZER
,m SUPPLY
1 TO
FROM =>4 >] THRUST
HIGH- PRESSURE MAIN .CHAMBER
FUEL TURBOPUMP FUEL ‘MAIN
VALVE COMBUSTION

CHAMBER



"awlqns Jo/pue
ajelodens Aew pawlo} 891 pue Jaiem ‘Ajjusnbasuo) “saulqin} pue Jaquieyd ayl ul ainssaid ay) anoqe
sAem|e s| ainssaid Jodea Jajem ayi jeyl pue walsAs ay} uo ainssaid yoeq 018z Si 818y} SUBSW WNNOBA
‘Alreuonippy ‘uonsnquiod Buunp ajqissod Ajuo st uonewoy Jajem pue umop nys Buunp sebind ay)
810J8q INg 8INS0|2 8AeA 1a)e sayouanb uonsnquwod ay) ‘18AeMOH "saulgin} ay} JO sonsualoeseyo dn
-pels ay) abueyd pue 821 wio} Ajjequajod pue umop Inys ay) Buunp pawloy 8q Ued J8jepA “WNNJeA B Ul
UMOP INYS Uaaq Sey pue pally uaaq sey aulbua ay} asneoaq ases yels punoib ayy wol) pabueys usaq
sey auibua ay} JO JUBWUOIIAUS Yels 8y | ‘ased Uelsal ay) Joj 1oedwi [euonippe auo si a1ay ]

‘paloaye ale awayos [0Jjuod

ay} ui pasn suondwnsse oljes ainxiw ayy ‘Ajusnbasuo) *1apjoo are swos ‘ases punosb ay) uey;

18110y a1e awog ‘sAem Jualayip ui pabueyo are sjuasuodwod Jussayiq “sjusuodwod |e 10} ‘unowe

10 UoNOAIIP U} ‘awes 8y Jou si abueyd ay | ‘esed Lejs punoib ay) Woly suopuos [ewssyl ay) sebueyd

Uoiym §qgio ui si suibus ayy pue umop INys pue pally usaq sey auibua ay| ‘ased ue)js punosb ay) woyy

Juasayp AJaA ale UYoiym SUoipuod jewlay}l 8yl Sl I MOU Jng "aseo Uels apnlife sy} 0} Jejiwis ae Aay)
Ing ased Yejs punolb sy} woly Jusiaylp ale SUopuod ainssaid ay) ‘ases Ueisal [eliqlo au} 104

‘Ajljeuoinodosd aAjeA Jo

suondwnsse [01u09 BulAuapun sjoaye AjBuons yoiym ‘18zipixo pue |any sy} Yloq 4o} oljel swes ayj ul

jou si uonanpai ainssald ay) Apuenodwi aloy ‘ased pels punolb ay) wouy paonpal ale sainssaid jajul

18zZ|pIX0 pue |an} ay) yloq pue yuasqe s| peay Ayaesb ay| yusisyip sunb ale sainssaid sy} ‘JoASMOH
"Hels punolb Juaund ay) se awes ay} ale SUOPUOD [euwlIdy) 8y} ‘9sed Lels apniije sy} Jo4

VeL.l20-EVL

souanbes UelS JWSS UO MEISaY [eNAIO PUB LBl epMmIllY Jo sioedw
asn abeis 19ddn INSS



SSME Upper Stage Use
Impacts of Altitude Start and Orbital Restart on SSME Start Sequence

Thermal Pressure Environmental
+ Same as * Lower Pressures  Same as
Ground Start Ground Start
Altitude
Start + Changed Ratio
of LOX/H2
Pressures
* Engine Fired + Same as * Engine Fired
Altitude Start
* Latent Heat * Moisture
Orbital
Start » Solar and Earth * Flow Path to
Radiation Vacuum
* Heat
Redistribution
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Altitude Start
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SSME Upper Stage Use

Groundrules and Assumptions for Altitude Start Analysis

 Input Changes

* Prestart Inlet Pressures
+ Based on S-IVB Experience
» Oxidizer Reduced From 107 to 40 Psia Nominal
* Fuel Reduced From 45 to 32 Psia Nominal

« Zero Ambient Pressure

e Groundrules

 HPFTP Turbine Temperature Spike Equal to or Less Than Current Engine
HPOTP Turbine Temperature Greater Than Minimum Sustaining Combustion
Temperature
Minimize Increase of Critical Phase Start Time (0 to 1.6 seconds)
Component Priming Order Maintained
Target Current Operating Levels of Critical Components at Prime
* Speeds, Pressures, Temperatures

« Assumptions
« Engine Hardware Conditions Same as For Current Ambient Start

) « Short Time for Changes to Occur
« Standard Prestart Purges
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SSME Upper Stage Use
Altitude Start Analysis

+ Start Sequence Changes to Accommodate Lower Inlet Pressures

* Approach
- Adjust Valve Schedules

* Reorifice Augmented Spark Igniter Propellant Supply Lines

* Adjustments and Impacts

» Fuel Preburner Oxidizer Valve (FPOV) Position Increased for First 1.0 Seconds
* Maintain Adequate Mixture Ratio for Preburner Ignition
» Slight Decrease in HPFTP Turbine Temperature Spike
» Desirable to Reduce Hardware Damage Risk

« Oxidizer Preburner Oxidizer Valve (OPOV) Position Increased During First 1.1
Seconds
« Maintain Adequate Mixture Ratio for Preburner Ignition
» Slight Increase in HPOTP Turbine Temperature Spike
* Desirable to Increase Margin for Sustained Combustion

* Main Oxidizer Valve (MOV) Initial Ramp Reduced from 60 to 55 %/second

) + Maintain Current Delta Time Between Fuel Preburner Prime and Main
Combustion Chamber Prime
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SSME Upper Stage Use

Altitude Start Analysis (Cont’d)

* Adjustments and Impacts (Cont’d)

* Main Combustion Chamber (MCC)
* Prime Occurs 0.24 seconds Later Than Nominal Start
» Lower HPFTP Shaft Speed Delays Allowable Prime Time
* MCC Prime Requires Same HPFTP Shaft Speed

* Fuel Preburner
* Priming Occurs 0.1 Second Later Than Nominal Start
* Priming Takes Place at Lower HPFTP Shaft Speed
* Acceptable

» High Pressure Fuel Turbopump (HPFTP)
* Lower Temperature Spike Reduces Hardware Risk to Start Variances
» Slower Speed Ramp Rate Dictates that 4600 RPM Minimum Speed
Redline Can be Delayed ~0.2 seconds to Match Corresponding
Component Event Sequence

* Oxidizer Preburner
* Priming Occurs 0.2 seconds Later Than Nominal Start

TA3-0149
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SSME Upper Stage Use

Altitude Start Main Combustion Chamber Pressure

TA3-0132
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SSME Upper Stage Use

Oxidizer Valve Positions
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SSME Upper Stage Use
Turbopump Speeds
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SSME Upper Stage Use

Turbine Discharge Temperatures
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SSME Upper Stage Use

Start Assessment

 Pratt & Whitney Fuel Pump
* Higher Moment of Inertia
» Slower Speed Buildup

« Start Sequence Modified to Achieve Start with No Problems

e Altitude Start

Slower Speed Buildup Than with Pratt & Whitney Pump

Delta About the Same as Rocketdyne to Pratt & Whitney Fuel Pump Difference

Main Chamber Prime Occurs Later But at Same Speed, Flows, Pressures,
Temperatures as Current Start

No Major Start Philosophy Changes Needed

* Overall Start Time is the Same

) » Current Start, Pratt & Whitney Fuel Pump, Altitude Start
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SSME Upper Stage Use
Augmented Spark Igniter Study

* Reorificing of ASI LOX supply lines used to more closely approach nominal
mixture ratios and propellant volumes during start will result in higher
mainstage LOX flowrates at the ASI|

» Higher ASI| temperatures
» Concern that local temperature increase could damage hardware if
mixing is not sufficient

« Engine transient model has limited heat transfer modeling capabilities

» Custom heat transfer model was made to simulate flowrates and
temperatures accurately for ASI LOX feedlines

» Cases run show initial assumptions were conservative

« Therefore temperature increase is less than anticipated
» However additional analysis and hot fire testing need to verify conditions
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Pressure, psi
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Pressure, psi
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SSME Upper Stage Use

Altitude Start Conclusions

* Altitude Start of SSME is Feasible

 Preburner Valves Sequenced to Higher Positions and
Modified Timings to Accommodate Lower Inlet Pressure

* Modifies Basic Open Loop Control
» Closed Loop Control Converges
« Initial Bootstrap Rate Reduced From Current Start
* Time to Reach Mainstage Not Affected
* Pressures
 LOX —-40 psi

* H2 - 32 psi
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Orbital Restart
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Orbital Coast Phase Thermal Analysis
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SSME Upper Stage Use

Orbital Coast Phase Thermal Analysis

» Approach

* Modify Existing SSME Thermal Mass Model To Provide Thermal Data
On Components Critical To Start Sequence

- Utilize Space Station Freedom/J-2 (Apolio SIV-B Stage) Orbital
Environment Predictions/Data To Baseline Orbital Environment For A
SSME On An Upper Stage

- Goals
* Maintain Common Start Sequence For Altitude Start And Orbital Restart If
Feasible (Valve Schedules, Component Temperature Requirements,
Priming Sequence)
* Minimize Need For Required Hardware Changes

* Minimize Stage Impact
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SSME Upper Stage Use
Thermal Mass Model Node Map

TA3-0176
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SSME Upper Stage Use
Orbital Thermal Analysis

Orbital Environment and

Radiation Engine Configuration
Conduction * .Nn I .
Selt-Shadowing ~ LPrive Thermal History

R ¢ Emission 7
’ ] ; N - /

'I'emperafure

' Rockwell International
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‘sIsAjeue Juanbasqns o) pasn sem
YoIlym uoionpal uaosad 0G B Sem }Nsal ay) "uolejnwis d1si[eal 1o}
papaau uoijonpal ay} 10} spew a1am Sajewlsa ‘uostiedwod 10} eiep
ainjesadwa) aulbus g-r g-AIS @yl Buisn Apnis AuAnisuas e ybnoay |
‘sjuauodwo? jusdelpe o sadeuns s}o0|q yoiym Buioeds jusuodwod
9s0|0 sey Ajlqwasse auibua ay} ‘uonippe uj ‘eale adeuns ajqe|ieAe
8y} 9onpal Yolym Suolloas ssoto aAey Jo [eoupuljllo AjeoidAy sie
sjusuodwo?d ay} 10} seale adeuns ay| ‘asu ainjeladwsa) Jusuodwod
uo asuanjui 1seyealb sy) sey ease adseuns uoleipes ay} bBuionpal
1Byl pamoys uonenjeAs ayl "walsAs auibus syl jo solsusiorIRYD
[ewlsy] [espl-uou a8yl 1O} JUNOJ2OB O] [spow 8y} 0] spew pue
palen[eAs alam sjuswisnipe ‘wsiieAIasuod pue wsifeal apinoid o
"U01108||00 uoleipel 10} saiuadold jewusyl [eap! aAey sjusuodwo?d
ey} sawnsse Apnjs ay} 10} pazijiin |opow ssew |ewsay) diseq ay

V.Z/10-€VL

sisAjeuy jewsayy

asn abels 19ddn INSS



SSME Upper Stage Use

Thermal Analysis

 Treatment Of Solar Irradiance, Earth Albedo, And Earth
Emmissivity Has Greatest Influence On Component Heating Rate

« Component Surfaces Not “Ildeal” For Radiation Collecting

* Ducting, Lines, Subcomponents And Other Major Components
Block Radiation To Major Components Surfaces

» Major Component Surfaces Are Typically Circular - Not "Ideal"Flat
Plate Collectors

« Estimated Reduction Of Radiation Surface Area Is 50% To Major
Component Surfaces (40% For Shape And 10% For Blockage) For
Realistic Simulation

TA3-0177
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SSME Upper Stage Use

Component Shadowing

NO2zZLE

COMBUSTION
CHAMBER

LPFYP DISCHARGE
DUCT (INSULATED)

INTERFACE SUPPORT
PANEL (GSE)

OPOV HYDRAULIC
ACTUATOR

LPOTP DISCHARGE
DUCT

FPOV HYDRAULIC
ACTUATOR

GIMBAL ACTUATOR

RECIRCULATION
REPLACEMENT

ISOLATION AN
VALVE——"" (# )Y

STRUT (GSE)
FUEL BLEED
VALVE
POGO SYSTEM \ \ fi o R > g HGM COOLANT
ACCUMULATOR ; 3 ;: pucT
MFV HYDRAULIC
v HELIUM ACTUATOR
PRECHARGE
VALVE

HPFTP
:Zac;dmg

ENGINE i
TA3-0178 CONTROLLER DIFFUSER

Component Shadowing
Region

* Contains Ducting, lines, subcomponents and
Harnesses which Block Solar Irradiance to
Major Component Surfaces

* Major Components Have Surfaces which
Face Toward the Centerline of the Engine
which Experience Shadowing from Other
Major Components

» Estimated Reduction of Solar Irradiance is
50% to Major Component Surfaces Except for
the Nozzle Section of the Engine
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Temperature, degree F

LPFTP —o— T(1)
LPF Dischg Duct | —v— T(3)
HPFP ——T(5)
F Di —bo— T(13
_360 HPF Dischg Duct (13)
¢
IS
-370 -
-380 (I
N
-390 Vl_‘
-400
~410 |/
—LH2 saturation temp. al 32 psia
T_eTaA, A=A A=A A= O D
—-420 R e - =00
430 b | ] [T _ SNSRI SR (N IR FN
0 5000 10000

. SSME TMM HEAT SOAKBACK CASE 16
LH2 re—circulation flow = 1. Ibm/sec. LOX re—circulation flow = 1. lbm/sec.

Solar heating = 429 btu/ft2—hr. Half of the surface area
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Temperature, degree F

SSME TMM HEAT SOAKBACK CASE 16

i
LH2 re—circulation flow = 1. Ibm/sec. LOX re—circulation flow = 1. lbm/sec.
Solar heating = 429 btu/ft2—hr. Half of the surface area
LPOTP —o— T(25)
LPOP Dischg Duct —v—T(26)
HPOP —o—T(27)
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250 HPOP & PBP Dischg Duct (28)
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Temperature, degree F

SSME TMM HEAT SOAKBACK CASE 16

LH2 re—circulation flow = 1. lbm/sec LOX re—circulation flow = 1. lbm/sec '

Solar heating = 429 btu/ft2—hr half of the surface area

Main Injector Post (Hot Gas) —o— T(31)
Main Injector LOX Dome —>x—T(32)
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Temperature, degree F

SSME TMM HEAT SOAKBACK CASE 16 .
LH2 re—circulation flow = 1. Ibm/sec LOX re—circulation flow = 1. Ibm/sec

Solar heating = 429 btu/ft2—hr half of the surface area

Main Combustion Chamber Liner —0— T(16)
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Temperature, degree F

SSME TMM HEAT SOAKBACK CASE 16 |
LH2 re—circulation flow = 1. lbm/sec LOX re—circulation flow = 1. lbm/sec

Solar heating = 429 btu/ft2—hr half of the surface area

Nozzle Tubes & Jacket Upper Half | —o— T(18)
Nozzle Tubes & Jacket Lower Half —x— T(19)
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Temperature, degree F

LH2 re—circulation flow =

400
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100

—100

-200

-300

—400

SSME TMM HEAT SOAKBACK CASE 16
1. Ibm/sec LOX re—circulation flow =

1. Ibm/sec

Solar heating = 429 btu/ft2—hr half of the surface area
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Temperature, degree F

SSME TMM HEAT SOAKBACK CASE 16 _
LH2 re—circulation flow = 1. Ibm/sec. LOX re—circulation flow = 1. lbm/sec.

Solar heating = 429 btu/ft2—hr. Half of the surface area

0PB Oxidizer Supply Duct | —o— 7°(40)
FPB Oxidizer Supply Duct | —v— T(43)

LPOT Supply Duct —o— T(46)
~250 | Supply Duc (

=270 tt
LOX saturation temp. at 40 psia

-300 : : : :
0 5000 10000 15000
Time, seconds



‘Jauingaid sy} wuem 0} abind yoino tabuoj
e Buirey Aq paasiyoe aq pjnoo sainjesadws) Jaybiy ‘euibus ay)
Buielsal 1oy 1eAup e aq 0} ainjeladwsa) Jauingald ayl SMOYs [apow
uejsal ay J| 'sisuingeid sy} jo weadisdn sainjersdwa) 8jzzou
18ybiy syl Aqg 19syo si siy} ‘Janamoy ‘swibal jusique sy} Mojeq Si
awel} awi} Jnoy auo ay) Je ainjesadwa} ay| “Jauingaid sy} Jo eaie
8oBUNS |[ews 8y} 0} anp si asuodsal MO|S SIY] °HOIND Joe SPU0oSs
puesnoy} uaayiy} Ajgrewixoidde |un jusique yoeal jou Ssop pue
Mo[s s| asl ainjesadwa) ay| ‘spou ainjelsadwse) suo se Jayiebo)
padnolb alem pjojiuew 1ojoaful seb pue swop X0 Js8uingaid ay|

‘sabind umopinys sy Aq Jsuingeid
pue suiqin} 8y} wol} padlo} aq ue aziodea |Im Hoino e Jussaid
layem Auy 801 ojut Buiwioy pue yoind isiy sy} Buunp uonoas suiqin)
ay} ul Bbuiurewas wouy ainsiow juanaid o} ybnouas ybiy si swiba.
alnjeladwal Siy| "SINOY N0} 18}je palpuny 8aiy} 8A0ge a|ii| B 0]
saaibap paipuny xis enoge wouy sdoip A|mojs ainjesadwa) suiqny
8yl "Jayio yoes Buiyoeoidde Ajenpesb sainjesadwse) ssuingaid
pue suiqun} dwndoqin} |an} ainssaid ybiy sy smoys uUeys siy|

VSP2O-£vVl

s}insay Buljspo jewsay

asn abeis 1addn JNSS



Temperature, degree F

SSME TMM HEAT SOAKBACK CASE 16

LH2 re—circulation flow = 1. lbm/sec LOX re—circulation flow = 1, lbm /sec'

Solar heating = 429 btu/ft2—hr half of the surface arec
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Temperature, degree F

SSME TMM HEAT SOAKBACK CASE 16 i
LH2 re—circulation flow = 1. Ibm/sec LOX re—circulation flow = 1. lbm/sec

Solar heating = 429 btu/ft2—hr half of the surface area

HPOT —0— T(35)
OPB Injector & Manifold —— T(1002)

600

510 L _
i TD:D:DJD!G:DJD:G;D:G: -G

DIDrD:D:ﬁTnTnTD!nThTDvd:D

330 |-
240 —

150 —

60 |- T(1002) Ground Start Condition o b

-30 +— - - e e .x\,x\x\.,\x\
—120 = X

=210 |~

—300 _ l I I 1 I I ! | t | ]
0 5000 10000 15000
Time, seconds
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SSME Upper Stage Use

TA3-0221

ENGINE COMPONENT TEMPERATURE TRENDS
DURING COAST PHASE
(EXCLUDES TURBOPUMPS) .

MAIN INJECTOR DOME

MAIN INJECTOR BODY(HOT GAS)
HPOT (TURBINE ONLY)

HPFT (TURBINE ONLY)
OPB INJECTOR & MANIFOLDS

FPB INJECTOR & MANIFOLDS

FPB OXIDIZER SUPPLY DUCT

OPB OXIDIZER SUPPLY DUCT

LPFT TURBINE SUPPLY DUCT

MAIN COMBUSTION CHAMBER JACKET
MAIN COMBUSTION CHAMBER LINER
FPB FUEL SUPPLY DUCT

OPB FUEL SUPPLY DUCT

NOZZLE DISCHARGE MANIFOLD
NOZZLE UPPER HALF

NOZZLE LOWER HALF
DIFFUSER, BY PASS DUCT, CCV |

-400 -200 0 200 400 600

TEMPERATURE (F)
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SSME Upper Stage Use

Recirculation and Thermal Control Analysis

 Effect of Recirculation .

« LOX Recirculation from Inlet Through Low Pressure LOX Pump, then
Duct and Through High Pressure LOX Pump

* H2 Recirculation from Inlet Through Low Pressure H2 Pump, then
Duct and Through High Pressure H2 Pump to Main Fuel Valve

* Flowrate From 0.5 — 3.0 Ibm/sec
- Same Flowrate Used For Both LOX and H2

* Examined Right After Shutdown and Later in Coast

- Effect of Insulation
 On LOX Low Pressure Pump and Discharge Duct
* Already on H2 Turbomachinery

« Thermal Control Paint

« On LOX Low Pressure Pump and Discharge Duct
* On H2 Low Pressure Pump and Discharge Duct

TA3-0290
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Temperature, degree F

SSME TMM HEAT SOAKBACK CASE 23
CHILLDOWN STARTS AFTER 3 HOURS IN ORBIT
LH2 re—circulation flow = 1. lbm/sec. LOX re—circulation flow = 1. lbm/sec.

Solar heating = 429 blu/ft2—hr. Half of the surface area

LPFTP —o— T(1)
LPF Dischg Duct —v—T(3)
HPFP ——T(5)
240 HPF Dischg Duct | —2&— T(13)
E
140 E
40 F
-60 E
~160 [
-260 E
—-360 7
LHZ2 saturation temp. at 32 psia
—460 S | | I | | | | | ) 1 | [

0 5000 10000 15000
Time, seconds
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Temperature, degree F

SSME_TMM HEAT SOAKBACK CASE 23
CHILLDOWN STARTS AFTER VEHICLE IS IN ORBIT FOR 3 Iocmw
LH2 re—circulation flow = 1. Ibm/sec. LOX re—circulation flow = 1. lbm/sec.

Solar heating = 429 blu/f12—hr. Half of the surface area

LPOTP —0— T(RS)
LPOP Dischg Duct —— T(26)
HPOP —o--T(27)
POP & PBP Dj —a— T(28)
300 (- — - - HPOP & PBP odvmn:m Duct
200 | .
= ” —.
= | o7 v
- | 7 g v
= 4x< Vv \
100 - .
- A\c\
m ; _ ) N~ A—A A—Ap
0 E SRR A A e \/
— 4\ i .\‘\u
— ~ .
- A\ \D\D
i e
—100 | A At M
= P |
- \> |
~200 anv \(wkv\o A
mwok. saturation temp. at 40 psia ,
P ¢ el i ; o
-300 %\o\ ! _ | L | L ! | I | plulg&iml» RS

0 5000 10000 15000
Time, seconds
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SSME Upper Stage Use

PROPELLANT RECIRCULATION THERMALLY CONDITIONS
SSME TURBOPUMPS FOR mmwdym._.
(1 Ibm/sec LOX & LH2) LOX saturation

temperature @ 40 psia

| i

HPOP & PBP DISCHARGE DUCT 4 HOURS
RS
HPOP
LPOP DISCHARGE DUCT e
LPOTP

P
...... [REREERR RN
1M HHHH MM

LA R, TS MRARRRIORG

LPOT TURBINE SUPPLY DUCT

__-.-~ -._~______

HPFP DISCHARGE DUCT s
I v m 1 \\\\\\\\\L\\\k\\\\\‘\\\\\\\»ﬁ\\\‘\a\\*‘§§§\\§§§\\§\\N\\\\\\.\\\\\\\\\§§\\N\§N\\\l\\\§§\\§\\“\\§‘§§h§
-,~_—_~_._-.-—.--~.---~._._._.—--..-.-......~...--..__.-_.~
u §\§§§§§§§§§§§§\§\§§§§“§§\§\§
rvmo—m0I>momDCOl—l ~"- _________ ____~_~—__-—-.—_—._~.~.-._.__._.~ -.--.... Tlilvi1tir
{4 -============-====-=====-=======--:---—--======--—--—-—-—I:I—-:-—-I::::::::::-—-
LPFTP

LH2 saturation TEMPERATURE A—uv

temperature @ 32 psia

) |
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SSME Upper Stage Use

Current Insulation on SSME

* Prevent Liquid Air from Forming and Dripping on Other Sensitive

* Purpose
Components
e ‘l. .|I..||I|II|.I’.|||I|III|||I
A % LPFTP FLEXIBLE EXPANSION JOINT
FUEL BLEED " WITH OVERMOLD
LINE CLOSEOUT (TYP)
BELLOWS, VACUUM

JACKET (TYP)

(A) SENSOR (TYP)

BELLOWS, VACUUM
JACKET (TYP) FUEL
BLEED
o LOW-PRESSURE VALVE
. FUEL DUCT
v//v | ‘HIGH-PRESSURE
\ _ _ FUEL DUCT
\ /
HPFTP . _
2 Sl
..‘...
.“..?zf_
0 MFV
; A
(A) JoINTS, SENSORS, Fav,
MEV, HPFTP, BEARING .

COVER INSULATED

POLYURETHANE FOAM WITH

% NICKEL PLATE .003- .015

TA3-0291
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SSME Upper Stage Use

Pump Inlet Thermal Control Resuits

Rotating Stage in Sunlight

Recirculation Wall Temperature, °R
Flowrate, Ibm/sec Pump Inlet

Case

LOX H2 LOX H2
No Insulation 1.0 1.0 181.4 40.3

or Paint

LOX Insulation 1.0 1.0 179.8 40.3
LOX Insulation 1.0 1.0 172.7 39.0
with Nickel Coating
Effective as
Reflector*
Thermal Control 1.0 1.0 169.5 38.6
Paint, No
Insulation**
No Insulation 4.04 4.04 169.5 38.6
or Paint
Recirculation Fluid Temperatures: LOX at 163.7 °R and H2 at 36.7 °R

* Best case of absorptance equals 0.40. This and the previous case bound the potential effects of insulation.
** Absorptance equals 0.18.

TA3-0292
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SSME Upper Stage Use

Recirculation and Thermal Control Analysis Conclusions

* Recirculation Flows Parametrically Investigated

* Liquid Hydrogen Flow Of 1.0 Lbm/Second Is Recommended
- Start Inmediately After Cutoff To Provide Earliest Restart Capability

 Liquid Oxygen Flow Of 1.0 Lbm /Second Is Recommended
 Starting Within 5 Minutes Of Cutoff To Provide Earliest Restart
Capability
» Both Insulation And Thermal Control Paint Examined To Reduce
Temperature Rise In LOX Turbomachinery And Ducting During
Solar Portion Of Orbit
- Adequate NPSH Margin Continually Maintained

« Thermal Control Paint Produced More Consistent And Higher NPSH
Margin

* Recirculation Flowrates Appear Less Than Needed For Stage
| Repressurization

TA3-0180
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SSME Upper Stage Use

Moisture Assessment

* Potential For Moisture To Influence Engine mmwﬁm: Appears To
Be Low

* Engine Temperature Should Remove Moisture
* High Pressure Turbines Remain Above 300 Degrees F
- Preburner Injector And Manifolds Warm-up Slowly
* Injector Orifice Blocking Should Not Occur
* Main Injector Temperatures Reach Ambient Within 1 Hour

* Should Be Demonstrated In Test

TA3-0182b
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SSME Upper Stage Use

Moisture Assessment Plan

TA3-0429

Molsture Assessment Test Plan
For SSME Upperstage Application

1993

1994

._::—._:_ _>:n_mou_og_zo<_cmn

Jan _ Feb _ Mar _(Zz. _ May _ Jun _ Jul “ >:n_ mm_u_ Onn_

Characterize Molsture

1) Design & Modity isolation system

W

7

Y 4?6&:&2:63&_2 pYrt corfvetsiq

2) Hot fire test & analysis of data

SN

Simulate Altitude Start (compensate

for sea level pressure)

1) Design & install low head tankage

2) Finalize start sequence

3) Hot fire test matrix

* Fuel blow-down

Short ignition

Partial start w/o MCC prime

L

Partial start with MCC prime

+ Start to Mainstage

Y
Y
sy
5y
=

Develop Orbital Restart Criteria

1) TBD - Based on previous test series

&'

results

Demonstrate Orbital Restart

1
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Orbital Restart Analysis
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SSME Upper Stage Use
Orbital Restart Analysis Approach

cmmmﬁm:mmn:mznm_um=<mn*oq>==:amm520mmm
» Valve Positions and Ramp Rates .

Use Inlet Pressures From Altitude Start Case
 LOX -40 psi
 H2 — 32 psi

Use Thermal Analysis Results for Hardware Versus Coast Time
« Vary One Component Temperature at a Time to Ground
Thermal Conditions to Establish Start Sensitivity
* Determine Minimum Component Heating/Cooling Required

Analyze Start at 7,500 and 10,100 seconds of Coast

Sun and Shadow Starts

Maximum and Minimum Nozzle Temperatures

Most Components Close to Ground Start Thermal Conditions
Earlier Than Apollo Starts

Examine Earlier and Later Starts

—
[ ]
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SSME Upper Stage Use

Hardware Temperatures for Transient Model Simulation

)
Element Description Aerothrm Ground Start, °R | 7,500 sec Restart, °R 10,100 sec Restart, °R
Node Unheated | Heated Unheated | Heated

LPFP Inlet T1 37 39 - 37 -
LPFP Discharge T3 37 42 - . 375 -
HPFP Discharge T5 37 41 - 375 -
CcCVv T21 530 260 485 195 485
MFV Discharge T21 530 260 530 195 530
Nozzle Inlet and 1st Half T19 530 730 - 510 -
Nozzie 2nd Half & Outlet| T18, T20 530 730 - 520 -
MCC Inlet T16, T17 530 560 - 550 -
MCC 1st Half Ti6, T17 530 560 - 550 -
MCC 2nd Half T16, T17 530 560 - 550 -
PB Fuel Supply * T23 530 590 630 540 605
OPB Injector T1002 540 475 - 500 -
oPBvV T40 540 167 - 165 -
OPB Ox Supply Line T40 500 167 500 165 500
FPB Injector T1001 540 410 - 440 -
FPOV T44 540 315 - 277 -
FPB Ox Supply Line T43 400 167 - 165 -

» Recirculation and Thermal Control Paint Assumed

* This Component is not Heated. The Temperature Increase Under the “Heated’ column is Due to Heating the MFV Discharge.
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SSME Upper Stage Use
Key Components Impact Orbital Restart

restart restart
at at
, 75Q00s 10,100s
800 " ]
| |
' to
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2 _
a nozzle “
< |
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o 600 -1 “
!
o ambient groundT_ ]
()] 530 [ 4 | 4_ -+
ﬁ ] i
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400 =T HARDWARE HEATING '
8 REQUT " |
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SSME Upper Stage Use

Orbital Restart Combustion Chamber Pressure

,, A Z>_Z CHAMBER PRESSURE
uH PCIE vs TIME RD PUMPS NOMINAL START 26 JUNE 1992
#2 - - PCIE vs TIME RD PUMPS ALTITUDE START FUEL 32, OX 40 PS| 25 JUNE Awwmﬁv
#u --©- PCIE vs TIME 7500s RESTART; HEATED MFV DISCHARGE, OPB OX SUPPLY: 3 NOV _OONAC
#A —>— PCIE vs TIME 10100s RESTART; HEATED MFV DISCHARGE & OPB OX SUPPLY: 3 NOV 1992 ANV
800.0
700.0 /
] ;
] ,\%
600.0 4
———d % '
7 \ )
— ]
—_— 1 \ /
< 500.0 y:
7 — /
o 7] //,10|,100s restart
/
N ]
& 400.0 /
A ] ground hominal-~ -/
B - \ 75005 restart &
—] altitude +
X 300.0 1 start
200.0
100.0
H —— + ~ + + k
! 0.0 T N e R S Ry B s R B e e B e
0.0 0.25 0.5 0.75 1.0 1.25 1.5 1.75 2.0
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SSME Upper Stage Use
High Pressure Fuel Pump Speed

HIGH PRESSURE FUEL PUMP SPEED

#1| —— sF2 vs TIME RD PUMPS NOMINAL START 26 JUNE 1992

#2| -2 - sSF2 vs TIME RD PUMPS ALTITUDE START FUEL 32, OX 40 PS! 25 JUNE 1992(1)

#3| - ©- SF2 vs TIME 7500s RESTART; HEATED MFV DISCHARGE, OPB OX SUPPLY; 3 NOV 1992(1)

#4|] —>¢— SF2 vs TIME 10100s RESTART; HEATED MFV DISCHARGE & OPB OX SUPPLY; 3 NOV 1992 (2)
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v 0.0 IR N I N O Y S R B S s e e s e e
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SSME Upper Stage Use

Fuel Turbine Discharge Temperature

FUEL TURBINE DISCHARGE TEMPERATURE

—+— TFT2D vs TIME RD PUMPS NOMINAL START 26 JUNE 1992
- - TFT2D vs TIME RD PUMPS ALTITUDE START FUEL 32, OX 40 PSI 25 JUNE 1992(1)
--©-- TFT2D vs TIME 7500s RESTART; HEATED MFV DISCHARGE, OPB OX SUPPLY: 3 NOV 1992(1)
—>¢— TFT2D vs TIME 10100s RESTART: HEATED MFV DISCHARGE & OPB OX SUPPLY; 3 NOV 1992 (2)
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SSME Upper Stage Use

Oxidizer Turbine Discharge Temperature

—+— TOT2D vs TIME RD PUMPS NOMINAL START 26 JUNE 1992
- % - TOT2D vs TIME RD PUMPS ALTITUDE START FUEL 32, OX 40 PSI 25 JUNE 1992(1)
- ©- TOT2D vs TIME 7500s RESTART; HEATED MFV DISCHARGE, OPB OX SUPPLY; 3 NOV 1992(1)
—¢— TOT2D vs TIME 10100s RESTART; HEATED MFV DISCHARGE & OPB OX SUPPLY; 3 NOV 1992 (2)
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| Fuel Conditions for Start
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Oxidizer Conditions for Start
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SSME Upper Stage Use

Orbital Restart Conclusions

» Orbital Restart is Feasible
« Start Sequence Same as Altitude Start
 All Conditions Can be Made Satisfactory for Start After 7,500 Seconds

* Restart Remains Feasible Thereafter
« Apollo S-IV-B Stage Restarts Occurred After 8,500 Seconds

 Earlier Restart Viable With Added Component Heating
* Minimal Impact on Engine System

« 7,500 Seconds Needed for Major Components to Reach Satisfactory
Thermal Conditions

* Propellant Recirculation
1 |lbm/sec LOX and 1 Ibm/sec H2
* For 90 Minutes Before Restart

* Thermal Control Paint on LOX Turbomachinery and Ducting
» Maintain Needed NPSH During Solar Portion of Orbit

* Direct Heating of Two Components to Ground Ambient
» Main Fuel Valve Discharge/Coolant Control Valve
) » Oxidizer Preburner Oxidizer Supply Duct
* Mixture Ratio Control

TA3-0288
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SSME Upper Stage Use

Requirements for Restart After 1 Hour Coast Period

* Propellant Recirculation After 1st Burn Cutoff
* 1lbm/sec LOX and 1 Ibm/sec LH2
+ Small Delay May be Required for Contamination Abatement Assurance
* Thermal Control Paint on LOX Turbomachinery and Ducting
* Maintain Needed NPSH During Solar Portion of Orbit
» Direct Heating of Components
* Heating Required for Restart = 7500 seconds
* Main Fuel Valve Discharge/Coolant Control Valve - AT= ~290 ‘R
» Oxidizer Preburner Oxidizer Supply Duct - AT = ~330 °R
- Additional Heating Required for Restart at 1 Hour

* Oxidizer Preburner Injector - AT= ~95 °R
* Fuel Preburner Injector - AT = ~135 °R

* Fuel Preburner Fuel Supply Duct - AT = ~140 °R
 Oxidizer Preburner Fuel Supply Duct - AT = ~100 'R

« Verification of Additional Component Heating for Restart at 1 hour Suggested
* Restart Modeling

TA3-0308
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SSME Upper Stage Use

Conclusions

« Altitude Start Shown to be Feasible with Minimal Changes to
Start Sequence

* Valve Resequencing
» ASI Orifice Changes

* Inlet Pressures
« LOX = 40 psi
e H2 > 32 psi

e Orbital Restart Shown to be Feasible

« Same Start Sequence as Altitude Start

* Anytime After ~ 2 Hours
1 Ibm/sec Recirculation of LOX and H2 for ~ 90 Minutes Prior to Restart
« Thermal Control Paint on LOX Turbomachinery and Ducting
« Component Heating Required
- Main Fuel Valve Discharge/Coolant Control Valve
« Oxidizer Preburner Oxidized Supply Duct

) « Restart as Soon as One Hour Possible with Additional Component Heating

‘ ’ Rockwell International
TA3-0293

Rocketdyne Division
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SSME Upper Stage Use

Stage Impacts

* Pressures

* LOX = 40 psi
 H2 = 32 psi
 Higher Pressures Allow Immediate Ramp to Higher Power Levels
* At These Pressures Start May Require Ramp to an Intermediate
Power Level (~100%) Followed by a Wait for Acceleration
Head and Then Ramp to 109%

* Recirculation

* 1 Ibm/sec Required on Both LOX and H2 Sides
« Could Possibly be Integrated Into Stage Pressurization Scheme
* May Need Low Pressure Dump

- Stage

* Overboard

TA3-0295
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SSME Upper Stage Use
SSME Impacts

Recirculation
« H2 Has Recirculation System with Higher Than Needed Flowrate
Capability
 LOX Has System to Run Propellant But Then Dump the Propellant
* Recirculation Pump Needed

Valve Control Changes
* New Sequencing of Positions and Ramp Rates must be Implemented
and Verified

Paint
* Thermal Control Paint Needed on LOX Turbomachinery and Ducting
* Thermal Control Paint Advantageous on Fuel Turbomachinery and
Ducting

Heating of Components Possible with Direct Contact Heaters
* Electric Blankets

TA3-0294
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SSME Upper Stage Use

Development Plans

FISCAL YEAR
ACTIVITY/TASK

1992

1993

1994

1995

1996

1997

1998 1999

1

2 3 4

5 6 7 8

9 101112

13141516

17 18 13 20

21 22 23 24

25 26 27 28429 30

MSFC NRA CONTRACT ($100K)

PRECURSOR DEVELOPMENT ($TBD)
(TTB ENG TESTING)
+ EARLY START OPTION |

ALTITUDE DEMONSTRATION ($18.5M)
(AEDC ENG TESTING)

« EARLY START OPTION II
« Design/Engine Component
Modification ($9.3M)
* Facility and Support System
Preparation ($4.3M)
« Test Support and Data Analysis ($4.9M)

DEVELOPMENT/ CERTIFICATION
($156.2M)

» 2 DEVELOPMENT ENGINES
« 1 CERTIFICATION ENGINE

FLIGHT IMPLEMENTATION ($TBD)

$ 100K

Q —$ 1.5M FAGILITY PREPAR

ATION - FY'93 FUNDING

JA-

i

INITIAL
LAUNCH
CAPABILITY

$100K

$1.5M

$17.0M

$52.2M

$52.1M

$32.4M

$19.5M

NOTE: SHADED ACTIVITIES INCLUDED IN COST ESTIMATES

$ 174.8M TOTAL




Y2l0-evl

)uejg Ajjeuonuaju| abed siyL



Recommendations for Further Work
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